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Temperature dependence of the Raman Ob-stretching overtone 


from liquid water 


W. 8. Monosmith and G. E. Walraien 
Derariment of Chemusiry, Howard Unwersity, Washingion D.C. 20059 : 


The first Raman overtone of the OH-stretching vibration from highly punfied liquid water has 
been eazamined quantitatively in the temperature range of 20-95 °C, and at frequencies fram atiut 
5500-8000 cm ~'. The overtone Raman spectra show contour shapes. depolarization ratio 
dispersion, and an isosbestic frequency (6960 + 25 cm~', uncorrected; 6900 + 25 em~ ', density 
and refractive index corrected) which. apart from the effects of anharmonicity. tend to mimic the 
fundamental, including its major four-component substructure. The two components st about 
7030 and 6850 cm ~' were interpreted, respectively, in terms of nonhydrogen-bonded OH, and 
triply hydrogen-bonded OH groups. which are common to the three-bonded H.O species, 
whereas two components at about 6665 and 6160 cm~' were interpreted as intermolecular 
coupling components of the fully hydrogen-bonded, i.c.. four-bonded H,O species AA// * value of 
~ 2.5 Kcal/mol hydrogen bond was obtained from the temperature dependence of rats of the 
combined component intensities of these two pairs, in agreement with results from prenous 
Raman fundaments] measurements. The feature near 6160 cm ~' was found to be better resolved 
in the spectrum than its fundamental analog, indicating that anharmonicity is advantageous in 


elucidating contour substructure. 


t. INTROOUCTION 

The overtones of the OH-stretching vibration fror: 1.q- 
uid water have been studied for many years by infrared tech- 
mugues, and some of the most thorough infrared overtone 
Work Of aqueous svs:ems has been reported by Luck and co- 
workess.' The infrared spectra of quid H,0, D.O, and 
HIDO are characterized by a large number of intense over- 


tone and combination bands. '~ Unfortunately, the Raman ' 


OH-overtone spectrum is extremely weak, and thus all of the 
Raman work was restricted, until recently,” to the funda- 
mental region of the spectrum (i.¢., below ~ 4000 cm ~ '}. 

The OH-stretching vibration has been found to be very 
sensitive to the details of the hydrogen bonding in water.>~* 
This sensitivity is useful because it gives rise to spectral fea- 
tures related to vanous perturbations of the OH vibration. 
Unfortunately a unique interpretation of the observed broad 
spectral features has been difficult to achieve. The available 
data for the most part are supportive of a mixture model 
involving hydrogen-bonded species, plus OH groups that are 
essentially free, but some workers have not entirely aban- 
doned continuum models.” However, because the free OH 
groups and the hydrogen-bonded species, particularly the 
latter, are distributed in frequency, it is evident that the mix- 
ture and continuum descriptions are, in some regards at 
least, a matter of semantics. 

Two further mechanisms, namely, Fermi resonance 
and intermoiecular coupling have led to contour breadth 


ee 


‘ and have caused problems in interpretation. Fermi reso- | 


| Bance may occur because the symmetric stretching vibration 
of the H,O molecule has the same A , symmetry species as the 
overtone of the bending vibration. Intermolecular coupling 
: arises from the coupling that nearby oscillators experience 
_ when they are strongly perturbed by hydrogen bonds. The 
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Fermi resonance efects have never been unequivocally iso- 
lated in the spectrum, although clear evidence for intermole- 
cular coupling has recently been developed from dilution 
expenmens.’°” 

The Raman OH-stresching overtone spectrum kas re- 
cently been repored for liquid water by Beisiey and Sceats” 
Their resuits, however, were compiicated by the presence of 
an intense sloping background due to fluorescence from an 
impurity. We now present new results based on Raman data 
which represent a considerable improvement over those pre- 
viously reported.’ This improvement resulted from the use 
of very rigorously purified water, which lowered the fluores- 
cence level, and also from reistively higher’ Raman signal 
levels, resulting from high (4.5 W, 488 nm) laser power lev- 
els. 


Our improved Raman OH-stretching overtone results 
show new features (e.g. a broad, strongly polarized compo- 
nent is now seen toward the low-frequency side of the OH 
peak). This new feature is thought to be the analog of the 
shoulder observed in the fundemental spectrum near ~ 3250 
cm~'. Our spectra also show an isosbestic frequency in the 
temperature range 20-95° C which agrees with reported in- 
frared overtone isosbestic values,’ and which is consistent 
with isosbestic frequencies obtained from the fundamental 
Raman region of liquid water.''? We also have measured 
depolarization ratios over the entire frequency range of the 
OH-stretching overtone contour. 

The details of the present results follow, but the signifi- 
cant feature of the improved Raman data ts that they seem to 
demard the conventional picture of an ovenione region 
which essentially shows the free OH and broad hydrogen- 
bonded species contnbdutions, plus coupling effects, sll as 
modified by various degrees of anharmomieity across the 
overtone contour. This picture contrasts strongly with the 


secently proposed explanation which stemmed from data of 
lower reliability and smatler frequency range.’ 


1. EXPERIMENTAL PROCEOURES 


Overtone Raman spectra were optained from highly 
punted water kindly provnted by Mf Bernett of the Naval 
Research Laburatory, Washington, DC The water was al- 
tered and demonized pnor to triple daaliauon in s fused uitca 
Still. The slopyng bach ground reported esrlier in the Raman 
spectrum,’ still perusted to some eatent when this water was 
used, but it was greasly reduced. For ordinary drilled wa- 
ter, the intense Suorescence back ground eve) becomes even 
more pronounced as the temperatuse mses. and tt may in- 
crease by 2 of 3 times ts ortgmnal intensity af 95 °C. Rigorous 
punficanon, however, lowers ches effect as weil. It 5 also 
important to clean the water storage container and the Ra- 
man cell with chromic acid solution prog to use 

Raman spectra were obtained with a J: ¥ double-mono- 
chromator and a cooled Hamamatss R928 photomuinpher 
tube. A Spectra-Phyncs model 171 argon son laser was used 
for excitation. It delivered approsmately 4.5 W of vertically 
polarized 485 nm light ef the semple. For polanzavon mea- 
surements, a sheet polanzer was inserted tn front of the col- 
lection optics. A polarization scrambler was also employed 
in front of the entrance slit. A photon counnng system was 
employed with a Nicolet model 1170 multichannel analyzes 
Sut erdths corresponding to 15 cm" were used fer al! spec: 
ra. 

Decomous.tions of spectra sting Saustias comouaents 
was accemplisned sung 3 SuPont 3:0 anai2g compeier, 


I, EXPERIMENTAL RESULTS 


Raman OH -stretclung overtone sfirst overtone: spectra 
representative of the S ,'.V ratio and Auorescence background 
level generally obtained in this work are shown tn Fig i for 
pure liquid water at 20 °C. The spectra are very weak. despite 
the fact that they were obtained with a st width 
ing to 16cm ~’ and a power level of 4.5 W at the sample. The 
number of counts per second recorded at the intensity maxi- 
mum (without using the polarization analyzer} was about 
1000 counts/s, of which approaimately 750 counts/s result- 
ed from Raman processes. with spproamately 250 counts/'s 


BF tens 
Ol-srerchong overtone spertra from head waner ot 20°C 
{Raw datar /, refers 10 the polenzed spectrum. and |, v0 the depolanzed 
spectrum Dashed vertical hres refer to peaks. showiden. or m@ernons 


FIG. 1. Raman 
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resuluung prmaniy from flucrescence duc to umpunues. The 
intensity of the OH -siretching overtone was atnerved to be 
about 10~ * umes thas of the correspanding fundamental, see 
also Ref 12. These eeshness. of courte. 6 partly asirumental, 
becaute the overtone contour ranges from 670-770 am (with 
$88 am excitation where the photomulupher response, grat 
ing efficiency. sad geomeincal optcal spectrometer condi: 
hans ie g.. curved slit unage scanned by a straeght siti are 3! 
unfavorable. Nevertheless, the present signal-to-dack- 
ground ratio of approumately 5 represents a agnificant im- 
provement over the estamated ratio of 0.6 obtained by Beis- 
ley and Sceais.’ Furthermore. our background-corrected 
(Ramanl signal is about four umes larger than thars. We 
recognize. nevertheless, that the weal.ness of our spectra stl! 
lumis the amount of quaautauve informanoa that can be 
extracted. compared to the fundamental Hence. only those 
features thar were found to be common tn Aumerous repet)- 
tions of the spectra are consudered reliable. day mention of 
features relative to 6 specific spectrum wail umply this genera! 


The polanzed spectrum of Fig. 1 L , shows an intensity 
Maximum near ~ 6750cm ~ ', with an inflection acar ~ 7100 
cm‘ suggestive of a high-frequency shoulder, and a very 
broad tail centered near ~ 6200 cm ™~‘ indicative of a low: 
(requency component The depolsrized spectrum J shown 
below in Fig |. peaks near ~ 67%) cs” and shows a low: 
frequency tail ihe the 7. spectrum, but it also giver evidence 
of a high-frequency infection of shoulder neat ~ 6082 
z"" Thus. reprocucstie passical e ierce exists 253! 
would :ncicate that che OH overtone conic ur 1s composed ¢1 
3f (east four Sroad components at = 9200. ~ 0°80, ~ 9089, 
ang =" cm™' at 20°C Various aspects of ine spectra 
telaung to four components near these (reauencees are deve): 
oped subsequentty os ths work. 

Nonlinear beselines under the /, and / spectra are 
shown by dashed lines m Fig. {. These Oaseime esumaicr 
were obtained by exammetions of a wide frequency range. 
Their curvature is gradual compered to any Raman features 
aacertamned from their use. We regard intensities above these 
baselines to represent the true Ramsa intensity, wishin our 


tection for eGects of temperature on refractive inde’ and 
Gensity was then made.'’ No attempt to obtam sotropic 
spectra (i.e../, — (4/, /3}] was made here. becsuse of uncer: 
tantios in the /, and /, spectra. 
on rates p = /,/!, are plotted vs Raman 
frequency shift in cm ~' 46 ta Pig. 2 (20° C). Basohne uncer: 
tainetes are less important here because they tend to cancel. 
provided that they are consistent im shape for /, and /,. 
However, the decreasing S/N ratio in the wings of the con- 
tour leads to correspondingly large errors (shown by bars}. 
Despite such errors, the Fig. 2 data represent the arst OH. 
overtone depolarization measurement made telow 6400 
em ~' for liqued water. 
fhe masimum depolanzsiion rato occurs neat 
674 + 30 cm". Also the exisience of a highly polanzed 
component nest 6200 cm“ ‘ ts obviows, compare also oth 
Fig. t. A highly polanzed low-frequency component near 


Depoterization Ratio, p 
2 
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@coe 6400 686s r72c0 
85 :em") 
FIG 3. Oeporanamnen rane » as 2 Seneren of Raman tequenss as 22 T 
Drgheae setermaunem, 9 ams S. 


3250 cm *' ako occurs as a shoulder on the OH -seretching 
fandamental. The feature us probably the anahog of the 6200 
cm” ' shoulder 

In contrast to the data of Fig 2. Belaley and Sceate 
conshuded from seasatemenss between @60) and 740%) 
cm"! thas the depularestion tated waa Aeatly coastant aed 
C532 10 = 38 These eonciasion' 3nd qlorzeesacd Orig 
frame it? mass tite MO Tea ed 31 eOS DT 4 ee ef the 
PPC SbS 

ta Fg 5 Cour srer-one Raman wectes ar? shows OK 
correspond to temperatures Dereess 20 snc 9$ °C. Tae mie: 
grated Raman acenses of thes Agere are qaantnatvely 
comperabie to ~ 3°. 

The Fig. ) results comprue one of two serves of runs 
accomplished at four temperatures between 20 and 95 °C. A 
thard series of runs wus also carried cut at sia temperatures. 
Wicker an mtenuty accuracy of ~ 2%. no Gierences were 
Otnerved berween corresponding spectra from these three 
series. 
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FIG. 3 Peer overtone Ramen spertre a: Gere eemperersces sheoweg an 
wesbene Sreqorey mew’ be the erreo. The lever: corrpend ve ie 
feilowmng remperareren: (A) 20°C. 1B 85 °C) OT, THOS T 
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Tests far long-term untcnuty drift were also made. One 
of une tenes savaiveng four temperatures (Fig 3) was begun 
at 95 °C. Succeseve rum were cnnducted af decreating tem: 
peratures to 20°C. Then the encasuremecats were repeated 1a 


* pewerse temperetyre wqueate. from M10 9S “C. Specira car- 


respondung to the same temperature wcte fouad to be com- 
parable to wethen 3% af the sntonsity maMmMuM, and to > % 
of better wm the wtegraicd mmtenwty. deapute the fact that (hc 
tusne wmterval beteeen the 95 °C paw was about 10 b 

Baselenes for the Fig. } spectra were Getermmned 0: 6c- 
tenbed prevoutly. Sennoth curves cere drown through che 
spectra by averagmng the sone excurmam. The smooth 
curves cere then diguusd eweg 2 HP-47 computer. The 
Gegual da corrected for variations wm Genety and re- 
fractsve andes. 368 replotted wing a HP-3490 plotter (Fig 3: 

le addon to evidence cuted prewvautly for four con- 
town components. ‘he corrected spectra of Fig } provide 
evidence for 2 Sith rhyucal omervabie, aamety. 2 region of 
crowing, Of an cesocene frequency. neat ©8900 = 2! om” ' 
However. an novbestic frequency wes also loved for the wn- 
corrected spectre nears 6960 = 35 cm”. in regard to cs. 
Leck’ has reported an infrared novbesuc frequency for pure 
#0 ebich cocurs twithout correction) at 6945 cm” ‘ The 
wacortected wfrared and Raman vaiues of 4045 om‘ and 
fad = 2$om* " eeepeeneely. churcampare favorably Alec 
tre fact thas the infrared 30d Ramaa overtone apecira stice 
CrP we iperbensl frequencies smdicaies that Bath aprctrs 
messate the equbbnum’? berneen SSerent hyérogen- 
WORSE WES 22. 'Dut-MORSES 19 Chiee-bonce|d! ap pre- 
atenis conceded O08 ituden Wf he onirared and Raman 
i pocamentad 

Gowan decomponnons of che Ramen OM stretcning 
fundamemai from pure waeer have been reported previousiy 
wang four major components “*** Sumeiar four-Geuman 
decompositions eere accomplished wn thin work for the over: 
tone spectra at temperatures from 30 to 93 °C. To achieve 
these Gecompoutions, however. K eas wmportant to apply 
spectiic cruerta which resuleed from pavt expervence with the 
OW fandamental. These si crmeris ove deiaiied here in Ref 


te. 

A typical foerGousian decomposition of the OH- 
overtone spectrum corresponding 10 65 “Ca shown mn Fig 4 
Tis decomposition and cther windat decompontions of 
spectra obtained from 20 wo 95 °C. were found to mart the 
erkerta tated nm Ref 116) However. a a farther tem of the 
component frequencits, £ « woeful to examine Tobie |. 
tn Table { Ramen frequency volves corresponding to 


. Gaussinn component centers ere comperes for fundamental 


| 
| 


and overvene OH regions of pure 1,0. A mensure of the % 
anharmonicity is included, aemety, 100 (28-4 28. where 
23 ia the fest hormoniec frequency. ic., twice the fuadamen- 
tal frequency 8 and A is the frequency of the firm overtone. 
in regard to Table | and also to Fig. 4 1 should be noved 
thet ste Goumian componcnn are dempnesed from (I) an (4) in 
onder of increasing frequency. This oréermg scheme apples 
to the OH overtone components as well as to the OM funds- 
mental components, sad « 13 employed extensively below. 
As seen from Table 1. three overtone components at 
5030. 6850, and 6665 cm -' have anhermonicnia of ~ 3%, 
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winch Gameguehes them from the component at 6160 cm” “ 
whene saharmomesty © begher ~ 5% The aumon of com- 
ponents according jo wnharmemety péueiien apport fos 
Re sutneqeens stsignmens of the 016) crs” ” componerté 
lasegraced Gansuen woergonest mienutas ce piotied 
+= teneperatare 10 C in Fig, §. The meansees of components 
¢2) and (2) J, and J, decvense orth tempererare rue, where 
the opposite dependence 6 clnered for the component 14) 
weensity J, The meensity of component (3) /, uw roughly 
conatant from 20 to 5 °C. This eens comatancy © Gacwned 


ty 
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fa this work foot ~epreducibie comer festures were 
aed Reman Olt-ccertone spectra acat ~6300. ~ 6790. 
~ 050, and ~7100 em*". we Fig | and > Gavenion 
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